Inoculation at o °C improved the efficiency of infecting tomato protoplasts with RNA of tobacco mosaic virus (TMV). Up to 41 ~o infection was obtained when inoculation was at o °C with Io #g/ml RNA in the presence of I #g/ml poly-Dlysine in 0.0I M-potassium citrate buffered o'7 i-mannitol (pH 5.2). The homozygous gene for resistance Tm-x was expressed in tomato protoplasts inoculated with RNA of TMV-L, a common tomato strain of TMV; no virus progeny were detected by fluorescent antibody staining or infectivity assay. Virus multiplied rapidly in protoplasts from susceptible homozygotes. Protoplasts homozygous for Tm-x were infected by the RNA of TMV-CH2, a tomato strain which can overcome this resistance in plants. These results resemble those previously reported for inocula using intact virus, and suggest that Tin-1 blocks virus growth after the uncoating stage.
INTRODUCTION
There are three genes, Tm-~, Tm-z and Tm-z 2, which control resistance in tomato plants to tobacco mosaic virus (TMV) (Pelham, I972 ) . Tin-2 and Tm-z 2 are not expressed in tomato protoplasts and this suggests they may require cell-to-cell connection and interaction to be effective (Motoyoshi & Oshima, t975, I977) . In contrast, Tin-I, which induces tolerance associated with a low level of virus multiplication in intact tomato plants (Pelham, I972) , is expressed in protoplasts (Motoyoshi & Oshima, I977) ; no detectable amounts of virus progeny accumulated in protoplasts inoculated with a common tomato strain (TMV-L).
To determine at what stage the Tm-I gene blocks the growth of TMV, an attempt was made to infect susceptible and resistant (Tin-x) protoplasts with RNA from the common tomato strain (TMV-L) of TMV. The results demonstrated that the blockage occurred after the uncoating stage. The resistant protoplasts were also inoculated with RNA from strain TMV-CH2 which can overcome the resistance controlled by Tm-I in intact plants, to show whether this RNA can be taken up by protoplasts having this gene. Optimal conditions are described for inoculating tomato protoplasts with TMV-RNA. METHODS TMV-L and TMV-CH2 are strains classified into group o and group I, respectively, on their interaction patterns with the resistance genes (Motoyoshi & Oshima, I977) . Two tomato lines were used as sources of protoplasts; GCR 237 is homozygous for Tm-L being resistant to TMV-L but is susceptible to TMV-CH2. GCR 26 is a line isogenic to GCR 237 except for carrying the normal recessive allele, +/+, instead of Tm-z/Tm-x, and is susceptible to both TMV-L and TMV-CH2. TMV-RNAs were prepared from purified TMV-L and TMV-CH2 preparations by the phenol extraction method (Fraenkel-Conrat et aL 1961) . Protoplasts isolated from the leaf mesophyll as described by Motoyoshi & Oshima (I975) were inoculated with TMV-RNA by a method modified from the 'direct' method of Motoyoshi et al. (I974) . The inoculation procedure was standardized as follows: 20 #g/ml RNA were pre-incubated with 2 #g/ml poly-D-lysine (approx. tool. wt. 150000; Sigma Chemicals) for 2 min in IO ml ice-cold 0.02 Mpotassium citrate buffer, pH 5'2, containing o. 7 M-mannitol in a 5o ml glass centrifuge tube and the mixture was poured quickly on to a pellet of about 5 × IO" protoplasts in a I5 ml centrifuge tube. Immediately after the protoplasts were suspended, the inoculation mixture was poured back into the 50 ml tube, diluted to 20 ml by adding IO ml ice-cold 0"7 M-mannitol and incubated at o °C for IO rain by shaking at 80 strokes/rain. In some experiments, poly-L-ornithine (approx. mol. wt. 120000; Sigma) was used instead of poly-o-lysine. The inoculated protoplasts were washed three times by centrifugation in autoclaved 0"7 M-mannitol containing io -a M-CaCI2, at room temperature. After washing, protoplasts were incubated in IO ml culture medium at 15 °C under continuous illumination from fluorescent lamps.
The percentage infection was determined by the fluorescent antibody technique (Motoyoshi & Oshima, I975) on protoplasts from 2 ml of suspension. For virus assay, 8 ml of the suspension which contained 1.2 x Io" protoplasts was centrifuged, the sedimented protoplasts were resuspended in I ml of o. i M-sodium phosphate buffer (pH 7"o), homogenized, centrifuged and the supernatant diluted to the desired concentration with the same buffer. Infectivity was assayed on lO half-leaves of Xanthi-nc tobacco per treatment by comparing the number of lesions formed with that produced by a standard inoculum of nucleoprotein of the corresponding strain of TMV at a concentration of o.oI #g/ml.
RESULTS

Inoculation conditions for infection of tomato protoplasts with TMV-RNA
In preliminary experiments, we found that the method described by Sarkar et aL 0974) using either of their two different inoculation media of pH 9 gave a very low level of infection (less than 3 %) of tomato protoplasts with TMV-RNA as estimated by fluorescent antibody staining. Phosphate and tris-HC1 buffers, both of which were useful for inoculation of tomato protoplasts with nucleoprotein of TMV (Motoyosh [ & Oshima, i975, I976) , also proved to be no more useful for inoculation with RNA than the media of Sarkar et al. (1974) . Slightly higher levels of infection, up to 1o ~o, were observed when protoplasts were inoculated with RNA in o-oi M-potassium citrate buffer, pH 5"1, by the 'direct' method (Motoyoshi et al. I974) . Using potassium citrate buffer, we examined the effect of several factors on infection of tomato protoplasts with TMV-RNA. In these experiments, protoplasts were prepared from leaves of GCR 26 tomato, and inoculated with RNA of TMV-L.
Effect of pH
In one experiment, 5"5~o protoplasts were infected at pH 5"2, 4"o~o at pH 5"5, I"7~o at pH 5"8 and 2-o~ at pH 6.o. At pHs lower than 5"2, protoplasts became unstable. Inoculation in further experiments was therefore carried out at pH 5"2.
Temperature and time for inoculation
Protoplasts were inoculated with RNA at two temperatures for different lengths of time (Expt. I, Table I ). Inoculation at o °C caused marked increase of infection when compared with inoculation at 25 °C. The highest percentage of infection was reached by the treatment of protoplasts with inoculum at o °C for lO min; more extended treatment did not increase the infection percentage. Poly-L-ornithine I 25
Poly-L-ornithine Io 25
Poly-v-lysine i 25
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Poly-D-lysine 5o 
Effect of pre-incubation of TMV-RNA with polycation
Effects of poly-L-ornithine and poly-D-lysine on infection of tomato protoplasts with TMV-RNA appeared to be much the same (Expt. I, Table 2 ). When TMV-RNA was preincubated with poly-D-lysine followed by inoculation at 0 °C throughout, the highest level of infection resulted from 2 min pre-incubation, extended pre-incubation causing a decrease in the level of infection (Expt. 2, Table I Total number of lesions produced in ten half-leaves of Xanthi-nc tobacco inoculated with the diluted extract of protoplasts.
§ Defined as: Total number of lesions × dilution factor Total number of lesions with standard suspension of TMV at o'oI #g/ml" when RNA was pre-incubated with poly-D-lysine for 2 min than it was when pre-incubated without this polycation (Table 3 )-Protoplasts also became infected when they were inoculated with RNA in the absence of polycation, although the percentage of infection was lower than in those inoculated in the presence of polycation (Table 3 ). The polycation is thus promotive but not essential for infection of tomato protoplasts with TMV-RNA.
RNA dosage
The percentage of infection increased, but the efficiency of infection in terms of infection percentage per unit weight of RNA inoculum decreased, with increasing concentration of RNA over the range of o. I to 5 ° #g/ml (Table 2) . Although 5o/zg/ml RNA inoculum provided the highest level of infection, IO #g/ml was chosen as the standard RNA concentration for further experiments, since the difference in the levels of infection was not very marked between these two inoculum concentrations.
Effect of Tm-I gene on infection of tomato protoplasts with TMV-RNA
Using the standardized procedure of inoculation, experiments were carried out to examine the effect of Tm-z gene on infection of protoplasts with RNAs of TMV-L and TMV-CH2.
When protoplasts were prepared from the leaves of GCR 237 tomato (Tm-z/Tm-x) and inoculated with RNA of TMV-L, neither virus antigen nor infectivity were detected by fluorescent antibody staining or infectivity assay up to 2 days after inoculation (Expt. I, Table 4 )-By contrast, when protoplasts were isolated from GCR 26 tomato (+/+) and inoculated with RNA of TMV-L, the increase of infectivity was observed along with TMV-RNA infection of tomato protoplasts 8o5 increase of protoplasts accumulating virus antigen (Expt. 1, Table 4 )-Similar increase of infectivity as well as increase of fluorescing protoplasts were also observed when protoplasts from GCR 16 (+/+) or those from GCR 237 (Tm-i/Tm-I) were inoculated with RNA of TMV-CHz (Expt. z, Table 4 ). These results are analogous to those obtained in the previous study (Motoyoshi & Oshima, I977) , in which no production of virus progeny was detected when protoplasts from GCR 137 (Tm:z/Trn-z) were inoculated with nucleoprotein of TMV-L, whereas in the other combinations of genotypes and strains of TMV a large amount of virus progeny was produced in the protoplasts after inoculation with virus nucleoprotein. Therefore, whichever inoculum, nucleoprotein or RNA, is used, Tm-I gene prevents TMV-L but not TMV-CH2 from producing virus progeny in protoplasts.
DISCUSSION
In our preliminary tests, the inoculation by the method of Sarkar et al. 0974) usually resulted in less than 3 ~ infection. Miihlbach et al. (1977) reported that tomato protoplasts became infected when they were inoculated with TMV-RNA using either the method of Motoyoshi et al. (1973) or that of Sarkar et al. 0974) , the latter being more effective than the former. They showed that the infectivity in t.6× IO ° protoplasts reached a value equivalent to o'073 #g virions 48 h after inoculation with TMV-RNA by the method of Sarkar et al. (1974) . This value of infectivity is, however, much lower than those in the present report. As shown in Table 4 for example, the relative number of lesions were I I83 per 1.2 × IO ° protoplasts (equivalent to I2 #g virions) when the infectivity was tested 44 h after inoculation of protoplasts from GCR 26 (+/+) with RNA of TMV-L; I6~ of these protoplasts were infected. From these results, the present method is apparently more suitable for inoculation of tomato protoplasts with TMV-RNA than that of Sarkar et al. (I 974) which was originally devised for inoculation of tobacco protoplasts with TMV-RNA.
Inoculation temperature has been found to be important for improving infection efficiency. Except for the report by Sarkar et al. (I974) , in which a temperature as high as 25 or 3o °C was favourable under their inoculation conditions using an alkaline buffer that inhibits RNase activities almost completely, inoculation at low temperatures (o or lO °C) was more efficient than higher temperatures (Aoki & Takebe, 1969; Watts et ak 1975; Beier & Bruening, 1976; Okuno & Furusawa, I978) . In the present study, the inoculation at o °C resulted in a sevenfold increase in infection over that at 25 °C. Since it is hardly possible that the ability of protoplasts to take up the virus RNA is especially stimulated by their exposure to o °C, the relatively high efficiency of infection at o °C may have been entirely due to the lowered activities of RNases from or on the surfaces of protoplasts.
When protoplasts from GCR 26 (+/+) were inoculated with RNA from TMV-L under the standardized conditions, the levels of infection varied from experiment to experiment: 4I ~ in one experiment (Table I) but I6~ in some others (Table 4 )-The reason was unknown, but this variation might have been partly due to some physiological difference of protoplast samples; for example, differences in RNase activity or in metabolic activity of protoplasts themselves. In addition to this variation, the levels of infection up to 4i ~o were still lower than reported by some authors. For obtaining higher and more stable infection, subsequent improvement might need certain devices including osmotic shock treatment during inoculation (Okuno & Furusawa, 1978) , use of protamine sulphate (Bier & Bruening, I976) or polyethylene glycol (Dawson et al. I978) , substituting polyornithine or polylysine and application of RNase inhibitors.
The gene Tm-I confers tolerance, permitting a low level of virus multiplication; detection of the synthesized virus in plants homozygous for Tm-z, however, requires weeks rather than days after inoculation (Pelham, I972 ) . In our protoplast system, in which protoplasts survive only for a few days, Trn-t is expressed as strong resistance, although the resistance F. MOTOYOSHI AND N. OSHIMA is somewhat weakened when Tm-z is in the heterozygous state (Motoyoshi & Oshima, I978) .
In the previous study, no signs of infection were detected in protoplasts from GCR 237 (Tm-x/Tm-z) when inoculated with nucleoprotein of TMV-L, whereas there was rapid accumulation of virus antigen and increase of infectivity in these protoplasts when inoculated with nucleoprotein of TMV-CH2 (Motoyoshi & Oshima, I977) . The present study shows that gene Tm-I is also expressed in protoplasts when inoculated with RNA of TMV-L. This suggests that the gene functions whether or not the inoculum consists of nucleoprotein or RNA and that Tm-z blocks TMV growth at some stage later than uncoating of virions. The production of virus progeny in protoplasts from GCR 237 (Tm-z/Tm-z) inoculated with RNA of TMV-CH2 indicates that Tm-z did not prevent the uptake of infective RNA by protoplasts.
There are three possible explanations for the ability of Tin-1 to block TMV growth: (i) Tm-z expression involves either specific RNase attack of TMV-RNA or a lack of some cellular mechanism to protect virus RNA against RNases; hence in the presence of Tin-z, TMV-RNA is degraded without starting replication; (ii) Tm-z blocks RNA replication at some stage; (iii) Tm-z blocks coating of newly synthesized TMV-RNA. The examination of these possibilities will be most important in further studies.
